A tube culture system was designed for measurement of ethylene evolved by the phytopathogenic bacterium, Pseudomonas solanacearum. The system consisted of 10 glass tubes joined together in series and coated on the inside surface with a dextrose-peptone-casamino acids agar medium. The system provided a large surface for bacterial growth in relation to the volume of air. The system was seeded with a bacterial suspension (7 X 108 cells/nil) drawn through all the tubes by vacuum applied at one end and was then placed in a water bath at 30 C. Air was pumped through the system at 3 ml/min; the outlet was connected directly to the inlet port of a gas sampling loop and ethylene in the sample was determined by gas chromatography. (3, 6) .
seeded with a bacterial suspension (7 X 108 cells/nil) drawn through all the tubes by vacuum applied at one end and was then placed in a water bath at 30 C. Air was pumped through the system at 3 ml/min; the outlet was connected directly to the inlet port of a gas sampling loop and ethylene in the sample was determined by gas chromatography.
Maximum rate of ethylene production for a fluidal, virulent isolate of P. solanacearum (K60) was 5.5 X 10-9 moles/ min and occurred at the end of lag phase and beginning of stationary phase. Three other fluidal isolates produced ethylene at relatively low rates (2.4-6 .4% that of K60). Avirulent, butyrous variants of these isolates grew as well as the virulent forms in most cases, but ethylene production rates per cell were much lower for the avirulent than for the virulent forms. Loss of virulence appears to be accompanied by lower ethylene production. Peak CO2 production (14.5 j,moles/min) and 02 consumption (11.7 ,umoles/min) for isolate K60 also occurred at the time when the bacterial culture was entering stationary phase. The concentrations of 02 (11%) and CO2 (11%) in air present at this time were thought to be neither limiting nor inhibitory to bacterial growth.
release of ethylene during pathogenesis by this bacterium The possible role of ethylene in bacterial wilt is supported by the observation that several strains of P. solanacearunz produce the gas in vitro (3, 6) .
Ethylene production by P. solanacearum has been measured by means of gas chromatography as cumulative amounts evolved for specific time periods during growth in liquid culture in sealed flasks (3, 6) . The disadvantage of this method is that ethylene and other gaseous metabolites accumulate while 02 may become deficient, conditions which may have an effect upon microbial growth and ethylene production. Only accumulated ethylene can be measured by such procedures; its production in the absence of accumulation cannot be monitored over the whole growth cycle.
A second technique for measuring ethylene from microbial cultures involves passing an air stream over the culture and then bubbling it through mercuric perchlorate solution. Ethylene is absorbed from the air stream and can be released later from the ethylene-mercury complex upon the addition of HCl (3, 8) . The continuous air stream purges the culture atmosphere, thus preventing 02 deficiency or the accumulation of gaseous stalling products. Ethylene production can be measured only after certain periods (depending on rate of ethylene production); it is not measured as it is released by the organism. Thus, the relationship of microbial growth to ethylene production cannot be determined easily by any of the techniques used heretofore.
Since ethylene production may be an important agent in pathogenesis by P. solanacearum, the need for an accurate account of ethylene production by the various races of this bacterium is readily apparent. The objectives of this study were to: (a) design a culture system which could monitor ethylene production by P. solanacearum continuously, (b) establish the relationship of rates of ethylene production to growth of the bacterium, and (c) compare the ability of virulent and avirulent strains of the bacterium to produce ethylene.
Ethylene, now recognized as an important plant growth hormone (1, 5) , has been implicated in pathogenesis by the wiltinducing pathogen, Pseudomonas solanacearum E. F. Sm. (2, 3 (Fig. 1) . The tubes were sterilized by autoclaving (121 C and 0.915 kg/cm2 for 15 min) and sterile, liquefied TZC basal medium was poured into one end of each larger diameter tube until the space between the outer and inner tubes was completely filled. After the agar had solidified, the inner tube was carefully withdrawn and the outer tube end was plugged with sterilized cotton. After removing the cotton and cork stoppers, 10 of these tubes were joined in series by means of short, glass U-tubes connected by Tygon tubing (Fig. 2) .
A bacterial cell suspension containing approximately 7 x 108 cells'ml was drawn through all tubes by means of vacuum applied at one end. As controls, tube culture systems were seeded with heat-killed cells of isolate K60 or its butyrous variant (Bi). The seeded tube system was placed in a water bath at 30 C.
The inlet was attached to a peristaltic pump which pumped air through a sterile cotton filter and then through the tube system at 3 ml/min.
The outlet of the tube culture system was connected to the inlet port of a gas sampling loop (1 cc) of a Varian Aerograph Model 1520 gas chromatograph (Wilkens Instrument and Research, Inc., Walnut Creek, Calif.).' Ethylene in the air stream was separated by type F-1 80-100 mesh activated alumina (The Coast Engineering Laboratory, Redondo Beach, Calif.) contained in an aluminum column, 1.8 m long x 3.2 mm o.d. at 90 C and detected by flame ionization. Retention time and peak area were compared with those obtained with a 6 1l/l ethylene certified standard (Matheson Gas Products, Joliet, Ill.). The sensitivity of this procedure for determination of ethylene was in the range of 0.1 to 0.2 ,lA/l. In experiments designed to determine the course of ethylene production, at least two gas samples were analyzed at each sampling time. As checks on the foregoing method, ethylene in air flowing through the tube culture system was trapped with mercuric perchlorate solution (8) 
RESUTLTS
When ethylene at 6 jMl/l in air was pumped into the tube system at a rate of 3 ml/min, ethylene in the effluent was not detected for 27 min. Immediately thereafter, the concentration rose rapidly to 6 ,ul/l and dropped to below the limit of detectability approximately 27 min after air had been substituted for the ethylene mixture at the inlet. Thus, the internal gaseous volume of the system was approximately 81 ml; longitudinal mixing within the system was not detected by this procedure.
The total growing surface area of the tube system was approximately 730 cm2, equivalent to the area of 11.5 Petri dishes of standard size (9 x 1.5 cm), but the total volume of air in the system was only 81 cc. This large ratio of bacterial growth surface area to air volume facilitated measurement of ethylene by allowing only a slight dilution of that produced in the system.
The tube culture system also allowed determination of rates of ethylene evolution; a measurement of 1 ul/l in the air stream indicated a production rate of 1.34 x 10-1 moles/min.
Ethylene was detectable approximately 12 hr after seeding the tube culture system with the K60 isolate of P. solanacearum (Fig. 3) . The highest rate of ethylene production (5.5 x 10-9 moles/min) occurred at the end of the log phase and the beginning of the stationary phase of-growth. Fluidal. 2Values calculated from the yield of one component tube. 3 Each figure is the average of four determinations. 4 Butyrous (Bi-type).
sembled that for fluidal K60, but Bi produced less ethylene than K60 (Fig. 4) . With Bi, ethylene reached a maximum of 2 x 10-9 moles/min and, like K60, it was at a maximum at the beginning of the stationary phase of growth. When heat-killed cells of isolate K60 or its BI-type variant were seeded on TZC basal medium in the tube culture systems, no detectable ethylene (detection limit: 1.3-2.7 X 10-k' moles/min) was produced during 72 hr.
Production of ethylene and growth of a second isolate of Race 1 (S123) were also determined. The growth curve of S123 was similar to that of K60, but maximum ethylene production was only 3.5 x 10-18 moles/min per culture system or about 6.4% of that produced by K60 at its maximum (Table I ). The Bl-type variant of isolate S123 produced even less ethylene (4 x 10-11 moles/min) and grew more slowly than fluidal S123.
Growth of isolate S107 (Race 2), or of its Bl-type variant, was similar to that of the Race 1 isolates, but stationary phase occurred at 40 to 45 hr rather than 35 to 40 hr after seeding the tube culture system. Ethylene production by this Race 2 isolate, on the other hand, was low and comparable to that of S123. Maximum ethylene production was 2.2 x 10-1°moles/min for S107 and about 1.1 x 10-10 moles/min for its Bi-type variant (Table I) .
The growth of a Race 3 isolate, S206, was much slower than that of either Race 1 or Race 2 isolates. The lag phase was about 10 hr longer than that for the other isolates and stationary phase occurred 45 to 50 hr after seeding. Growth of the Bi-type variant of isolate S206 was different from that of the virulent form; maximum yield for the first was 1.9 X 1012 cells/system compared to 9 X 1011 cells/system for the second (Table I) . Maximum ethylene production for both forms of the isolate was 1.3 x 10-10 moles/min (Table I) .
The peak in ethylene production for all isolates of P. solanacearum occurred when the culture was at the end of log phase and beginning of stationary phase. All Bi-type variants (except for that of isolate S206) produced less than half as much ethylene as their respective virulent forms (Table I) .
Peak CO2 dioxide production (14.5 Mmoles/min) and 02 consumption (11.7 ,umoles/min) for isolate K60 of P. solanacearum occurred at the time when the bacterial culture was entering stationary phase (Fig. 5) . The growth curve in these tests was similar to that obtained previously on the same medium (Fig. 3) . The concentrations of 02 (11%) and CO2 (11%) monitored at the beginning of stationary phase of growth were probably neither limiting nor inhibitory to bacterial growth or ethylene production. Indirect evidence in support of this assumption was obtained in experiments with tube culture systems which were placed under reduced air flow rates. When air was pumped through a tube culture system at 2 ml/min (rather than 3 ml/ min) for 60 hr, the rate of ethylene production and the growth of the K60 isolate were very similar to those reported for the faster air flow rate. Presumably, the lower flow rates allowed greater accumulation of CO2 and greater depletion of 02 than in the normal cultures, but this did not affect growth or ethylene production.
DISCUSSION
The primary objective of this study was to develop a technique which would allow quantitative measurement of ethylene production by P. solanacearum under constant flow conditions. The results indicate that the tube culture system devised satisfies many of the criteria necessary for an effective system, i.e. (a) favorable geometry (large surface growth area-volume of purging air); (b) controllable growth conditions; (c) continuous flow of air to purge gases produced during metabolism; and (d) simplicity.
This study is the first which compares ethylene production and its relationship to growth by a number of virulent and avirulent isolates of P. solanacearum. Ethylene produced by the K60 isolate of P. solanacearum increased during the logarithmic growth phase to a maximum just before the culture reached maximum cell yield and then declined in spite of the very large numbers of cells present (Fig. 3) . A similar relationship was obtained for CO2 production (Fig. 5) .
Similarities in the time courses for ethylene and CO2 production suggest that ethylene, like C02, is a final product of general cell metabolism. Calculations of the rates of production of both CO2 and ethylene on a per cell basis indicated that the rates were high at the beginning of logarithmic growth, declined sharply during this phase, and continued to decrease, but more slowly, during stationary phase. The difference between rates calculated on a per cell versus per culture basis resulted from the large increase in cell numbers during logarithmic growth in the culture which was associated with a decreasing rate of ethylene and CO2 production per cell. The continued decrease in the rate of CO2 production per cell during log phase confirms the observation of Walker and Winslow (7) who found that CO2 production rate per cell by Escherichia coli was high during early growth (late lag phase) and decreased as cell numbers increased.
Rates of ethylene production per culture system for other isolates of P. solanacearwn followed a pattern similar to that of isolate K60, although their peak production rates were much lower (Table I) . Isolates S123 (Race 1), S107 (Race 2), and S206 (Race 3) all had peak ethylene production rates at the beginning of stationary growth phase. Growth and ethylene production by the avirulent (Bi) forms of each of the P. solanacearum isolates tested were similar to those of the virulent isolates, except that ethylene production rate per cell was much lower for each of the avirulent forms as compared to the fluidal, virulent forms. In most cases, the growth yield of the Bi forms was similar to, or greater than, that of the fluidal parents; the lower ethylene production rate appears to be yet another physiological characteristic associated with the change in virulence. In the fluidal to butyrous change, many physiological and morphological traits change along with virulence (2) .
The potential of the tube culture system for further work on ethylene synthesis is considerable. The present study involved ethylene production by P. solanacearum under one set of nutrient and temperature conditions. These conditions could be altered easily in this system and the effect of other environmental parameters, such as light, flow rate, and composition of the atmosphere on ethylene production can be studied. The tube culture system should be adaptable to the study of pathways of ethylene biosynthesis by P. solanacearum as well as by other microorganisms. 
